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APSTRACT nggg
<

Coacerning the use of a large four-engine jet airplane, Boeing #367-80
(70T prototype), as an in-flight dynamic simulator for the simulatios of
other large transport type airplases operating in the subsoaic regiom,
including the approach and landing pheses of flight.
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INTRODUCTION

During 1965 the Airplane Division c¢f The Boeing Company undertook a program
utilizing the Boeing 367-30 sirplane (707 prototype), which would provide
in-flight dynamic simulation of large supersonic transport-type airplanes
in their landing configurations. The hulk of this work was carried out
under NASA Contract #NAS 1-LO96.

The results of this program can be found in Boeing Document D6-10T43, "Simula-
tion of Three Supersonic Transport Configurations with the Boeing 367-80 In-
Flight Dynamic Simmlation Airplane"”. (Reference A)

The main purpose of this document is to describe the technique, hardware and
operational procedures involved in this variable stability program.

Also included 1s a description of the S3T configurstions that were similated
and flight tested and a discussion of some of the problems emcountered.

Although this document is limited to the supersonic transport type airplanes
simulated under the above contract number, it should be noted that the
system is valid for any large sirplane operating at subsonic speeds and in
1(’act has been used to simlete a large subsonic military transport airplane
C3A).
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Fitch Angie - Nose Up
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Roll Rate
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Flight Path ingle - Climb
Similated SST Elevator
3imulated SST Thrust
Simalated SST Wheel
3imalated S3T Rudder

=30 Elevator Commend
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LIST OF SYMBOIS {Continued)

Alm ,ACL ,ACo Additional Pitch, Lift & Drag Coefficients
Due to Ground Effect
T Fngine Thrust
m Airplane Mass
Tux Roll Axis Inertis
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T2z Yaw Axis Inertia
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1.0 SUMMARY
1.1 CORFIGURATIONS TESTED

The Boeing 367-80 sirplane (TO7 prototype) has been successfully modified
to perform as an ia-flight dynamic simulator for the simulaticn of large
supersonic sircraft in the approech and landing phases of flight. Nearly
100 hours of flight time have been completed while simulating various

proposed supersosic transport airpianes.
The basic SST configuratiocns tested were:

. A variable-swveep-wing sirplane with the wings ia the fully forwverd
position (20 degree megg

. The u).-a airplane with the wings in the fully aft position (72 degree
sweep).

« A delta-wing sirplane.

In addition, the following departures from the basic coafigurations were
simnlated:

. The imcorporation of a suitable loagitudinal stability sugmentation
system (piteh guickeming).

. ‘The incorporation of e suitable latersl directional stability
augmentation system.

- A variation in c.g. location.
. A configuration with degraded lateral directiomsal handling qualities.

When the airplane was ia the simulation mode, it was flowa from the right-
hand seat position by the "Evaluation Pilot".

The sirplane performance was coatinuocusly monitored by the Sefety Pilot in
the left-hand seat, who could teke command at any time and revert to the
normal 367-80 coatrol systems. The Safety Pilot could also override the
Evaluation Pilot's inputs with his own coatrols without disengsging the
simulation.

1.2 AIRCRAFT MCDIFICATIONS

The modifications mecessary to convert the 367-80 to a variable stability
research airplane consisted of:

Couaversion of the airplane to fully powered coatrol surfaces by the
addition of electrohydraulic sctuators. This gave the capability of
moving the control surfaces by either a mechanical input from the
fafety Pilot through the anormal airplane coatrol cable systems, or by
an electrical command iaoput vhen in the simulation mode. In additiom,
provision wvas made for modulating the poeitiomns of the spoiler panels
and the thrust reverser clam-shell doors with eiectricei commands.

SHEET B
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1.2 CORTIRUED

« The installation of & general purpose analog computer (@ystron-Donner
SD/80) which provided electrical command signals to the airplane control

[ systems - elevators, ailerons, spoiler panels, rudder, and thrust

| - reversers - to modify the response characteristics of the basic -80

| airplane to conform to those of the 33T configuration being simulated.

+« The installation of a special set of Evaluation Pilot's controls for the
: right-hand seat position. These controls consisted of an instrumented

| column and wheel, s fake throttle lever and transducers on the existing
rudder pedals, and provided electrical signals proportional to the
Evaluation Pilot's control inputs. Electrical pitch and roll trim
controls were also added.

« The installation of speclal sensors and wiring for the measurement of
such parameters as angle-of-attack, sideslip angle, pitch, roll and
yaw rates, roll angle and airspeed. A 1l7-foot streamlined boom was
added to the nose of the airplane to carry the txp vane sensor. (See Fig.l).

« The installatioxi of 8 rack of special test equipment, referred to as
the interface, which provided:

a. Input and ocutput connections to the computer.

. b. Isolation and demodulation, wnere necessary, f{or the signals fram the
various airplane sensors,and proper scaling and biasing of the incoming
| and cutgoing sigxals.‘

c. Electronic control for the electrohydrasulic servo systems.

d. Logic circuitry for the mode selection conirol allowing the simulation
nmode to be selected from either the cockpit or the interface station.
This function 8lso included error detection and display circuitry and
provisions for autcmatic disengagement in the event of a malfunction.

1.3 TECENIQUE OF SIMULATION

The technique adopted for the simulation system was essentially an open loop,
low-gain compensation technique in which the response of the airplane to any
disturbance was modified by modulating the airplane control surfaces with
electrical commands from the analog computer. Figure 15 shows a very simpli-
fied block disgram of the system.

_ The magnitudes of the electrical commands were obtained from the precalculated
b differences between the response of the basic 367-80 airplane and the response
k of the simulated 3ST to the same disturbance. They vwere based on the known
stability and control derivatives of the 367-80 and the predicted derivatives
of the simulated 537,

The accuracy of the simulation depended primarily urpon the accuracy with which
‘ the control and stability derivatives of the basic 367-80 vere known. For
this reason, the initial calculations for the gains used in ihe analoyg compu-
ter were followed up with flignt tests for the purpose of "fine tuning”

SHEET g
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1.3 (CONTINUED)

the simulation system to compensate for any discrepancy between the published
values of the airplane derivatives and the true values under dynamic
conditions.

This technique, unlike a high gain, closed-loop feedback, or model following
method, 1s not self-correcting and consequently has limitations regarding
gross welght, ¢.€- locstion, ete., changes of which tend to affect the
validity of the simulation.

Despite these drawbacka, the technique adopted was considered preferable to
the model following method because of the high probability of structural
bending modes coupling with a model system.

1.4 FACTORS AFFECTING THE ACCURACY OF THE SIMULATION
1.4.1 Linearization of the Equations of Motion

Because the computation system was based on linearized equaticns of motion
for a rigid airframe, the validity of the simulation decreased as the
airplane departed from the established trim condition. For this reason, the
following limits were established to keep the simulation within the desired
accuracy:

AIrspeed o« ¢« ¢ ¢ o ¢ ¢ o ¢ ¢ ¢ o a o s s s o o o *10 knots from trim speed.
Bank ADGI® ¢ + ¢ ¢ ¢ 2« o e o o s s s 6 e s e e o 20 degrees
SideslipAngle.-............... -"ZlOdegreee

1082 FRCEOT « + s o « o « o o o o 2 s o s o o« o * .,6g's

l.k,2 Knowledge of the Basic 367-80 Characteristics

The accuracy with which the basic 367-80 airplane could be simulated had a
major effect on the oversll simulation accuracy.

This factor became Iincreasingly irportent if the sirplane being simulated was
radically different from the 367-80.

1.4.3 Accuracy of the Signals from Aircraft Sensors

The accuracy of the signals from the various aerodynamic sensors, i.e.,
angle-of-attack, sideslip angle, roll, yav and pitch rates, roll angle and
airspeed, was important since these signals fed directly into the computer
to form the commands to the control surfaces.

l.h.4 Response Characteristics of the Control Surfaces

A further factor affecting the accuracy of the simulation was the response
characteristics of the control surfaces. This included the frequency
response of the servo systems plus any nonlinearities in the linkage and
effects due to airloads.

SHEET 10
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_1.34.5 Varistions in Cross Weight and Center of Gravity Location

Because the simulation was based on calculations assuming a 367-80 airplane
of fixed-gross weight and c.g. location any change in these two factors, due
perhaps to fuel distribution before flight and comsumption during flight,
caused s deterioration in the simulation.

1.4.6 Atmospheric Conditions

™e sbove paragraphs refer to factors which were more or less under the
control of the test engineer.

The 367-80 aerodynamic derivatives could be improved by means of increased
flight time and increased knowvledge of the basic =30 airplane characteristics.

The signals from the aircraft sensors could be improved with careful calibration
and compensation.

The discrepancies caused by using linear equatioms of motion can be calculated
and limits set on the simulation to keep the accuracy within reasonable
bounds. Similarly, the effects of change in gross weight and c.g. location
could be calculated and allowed for.

However, the cne factor vhich was ocut of the control of the test engineer

was atmospheric turbulence. The major part of the precblem with turbulence was
caused by the production of erroneous angle-of-attack and sideslip angle
readings due to local gusts at the up vane. These signals were immediately
fed into the computer resulting in commands to the control surfaces which
caused erroneous motions 4f the airplane.

AT 45720 BT IO
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2.0  DESCRIPTION AND CPERATION OF SIMULATION SYSTEM
2.1 BASIC THEORY

The 367-80 in-flight variable stability system provides a five-degree-of-freedom
simulation of large Jjet aircraft operating at subsonic speeds.

The technique adopted (called response feedback) is to modulate the control
surfaces of the 367-00 aircraft in such a manner as to cause the aircraft to
behave in the manner predicted for the particular configuration being simulated.

The correct roll, yaw and pitch motions of the aircraft sre produced by modulsting
the latersl controls, rudder and elevator respectively. The correct 1ift and
normal acceleration characteristics are obtained by modulating the wing-mounted
spoiler panels, and the correct drag by modulasting the engine thrust reversers.
There is no simulation of side force, but studies have shown that the errors
introduced by this omission are small encugh to be neglected.

The controls are moved by electrical commands to the appropriate actuators or
servos. The commands are produced by a Systron Douner SD/80 general purpose
anslog computer which forms the heart of the simulation system. A brief step-
by-step description and exarple of how these commands are generated follows:

a. The calculations are all based on the linearized equations of motion for a
rigid airframe (see Appendices A, B, and C)., e.g., the pitch axis equation is:

IYYQ. = 1,55 (CM¢°Aa + CM&.& + CMQ . Q
+ Cmse’SG + Cu&b‘ Sap + C.,AT-AT + C,"AV.AV)

b. The equations are used to mechanize a linearized simulation of the 367-80
airplane on the SD/GO computer; and as a basis for deriving the equations
giving the summation of forces slong, and the moments about, the X, Y, and
Z axes. The equation for the linear acceleration experienced by the

" aircraft in the Z direction for example 1is:

Z = ‘—‘,%?-Aoc - %"-9 AT -3(Cos Oy Cos¢.,-l)
-z;ﬁ%qmzw—%mi (CL«'A“"'CL;,,L'&L)

c. Now, if the 367-80 airplane is to simulate the behavior of an SST airplane,
then the linear and angular accelerations that it experiences for any given
conditions mist be identical to those that would be experienced by this
S3T airplane under the same conditions.

SHEET 26
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2.1.c  BASIC TIEORY (Continued)

Thus, the equations derived in Step b. can be written down twice; once,

using the known stability and control derivatives of the 367-80 (designated by
the suffix -80) and; secondly, using the predicted derivatives of the S3T
configuration being simlated (designated by the suffix 35T). Then, using the
identities;

X.go = Xgor

s a®

Y—u = Yssr

-Z.-.o"' zss-r
p-ao = Ffssr
o ® Dusr
R.go = Resr

v-no = Vssr

©
8
]

these expressions can be equatad, e.g., equating the pitch accelerations:

(q.‘r. AT).” + (C"¢)-at; Aox (C"n. A.')SST*(C.')SS.TA“

+Cng).g5 % * (Cmgl gy @ L .

( . (C.?) : (%2”*(‘—'-,),,,“ +{Cor @ [ Sesr
+(qlu).”'AV Cn&'ét)-so . (C. .)B}AV *(Q&&)SST
C(C"&l» ' 6“)‘80 _ L _

@ao= ( 58).&,

Yy

From the example given it can be seen that these expressions contain a mixture
of control derivative and stability derivative terms. The aerodynamic
variables in the stability terms (A« , G, AV, etc., shown outside the brackets )
are identical for both the =80 and the SST sides of the egquation. The control
variables (Se , SE etc., shown inside the brackets) are separate and distinct.

A 4%TT
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2.1 BASIC THEORY (Continued)

d. These expressions can nov be solved for the control varieble appropriate
to the axis being considered. Thus, for the example given above, the
correct pitch acceleration is maintained by modulating the 367-80 elevator,
so the equation can be rewritten as follows:

_ KCn SST. S, 4 Cugr-AD)ssr _ (Cmpr-AT)-80

-80 Cm&)_ 0 "'&)-ao ( Cm‘e)-ao
Comsos- Sak)-00 | KGna)ssr - (Cma) o . p
(C,.&) -80 (C'"Se)-ao
K(Cmi)sst - Crmic)-#0 . o¢ K (Cmg) ssr "(CO!QL_
+ e Q
’ (Cmsﬁ)-eo * (C"'Se) -80
K ((”’AL_ - (CM AV wieee K = (%i"—)
Cos)en [N

This equation expresses the 367-30 elevator displacement (from trim position)
as a function of simulated SST elevator input, S3T and -80 thrust levels, -80
airbrake position, and aerodynamic variables, such that the 367-80 airplane
will behave in pitch like the simlated S3T.

Similar expressions can be derived for the 367-80 rudder, wheel, thrust and
airbrake commends.

NOTE: The above example does not include the terms for similated ground effect.

For the full equations and derivations see /ppendices A, B, and C.
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2.1

2.2

Two

These were:

Provisions were made for including the following variations from the basic
airplane configuration.

2.2.1 NASA 20 Variations

- —— s

BASIC T™EORY (Continued )

The correct numerical values for the derivatives can nov be inserted into
these expressions, resulting in a set of equations which, when properly

scaled, can be mechanized on the SD/80 computer using only amplifiers and
potentiometers. The outputs of these amplifiers are then used as command
signals to the 367-80 control surfaces to produce the required simulation.

-

SST CONFIGURATIONS AND VARIATIONS TESTED :

basic types of proposed supersonic transport airplanes wvere simulated.

A varisble-gweep~-wing airplane. This airplane was simulated in both the
wings fully forward configuration (20-degree sweep angle) vhich is referred
to as the NASA 20, and the wings fully aft configuration (72 degree sweep
angle) referred to as the NASA T2.

.rwe

A delta-wing airplane, referred to as the NASA Delta (or NASAZ)). ,

The addition of a longitudinal axis stability augmentation system (LONG. 3AS).
This LONG. SAS was develcped using s ground-based computer program and, as
finally used, consisted of increasing the SST elevator to column gearing by

a factor of 4 over thé basic SST and adding pitch rate (Q) and angle-of-attack
(Ao) feedbacks into the elevator command. The gains of these feedbacks

vere 1.46Q and 1.5 A« in the unscaled equations. It should be noted that

this is not intended to be an optimm solution but merely represents one
possible approach.

The addition of a Lateral Directional Axis Stability Augmentation System
(LAT.5AS). This system changed the gain of the B contribution into the
rudder control command to produce a dutch-roll damping ratio of .275

Aft c.g. configuration ( 3 percent static margin). This variation was to
similate the NASA 20 airplane flying with the c.g. location at the maximum
allowable aft position. It should be noted that the basic NASA 20 simalation
is baged on the assumption that the c.g. is at the nominally normal position

(30% c).

The effect of an aft c.g. position was simulated by changing the value of
(Cmy)seyused in the calculations from -.4584 to - .1hl.

Degraded lateral-directional axis characteristics. For this variation, the
value of C. (SST) was changed from -.0223 to - .0T6 to produce adverse
yaw characteristics and C'i (SST) changed from O to =-.1842 to reduce the
dutcheroll damping ratio to .05.

AD 4872G
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55T CONFIGURATIONS AND VARIATIONS TESTED (Continued)

2.2.2 HNASA Delta Variations

The equations of Motion on which the simulation was based are written in
the stability axis and describe the motions of the c.g. of the airplane.
Because there is a large difference between the actusl angle-of-attack of
the =80 (& TRIM = 5,45 degree) and the angie-of-attack of the simulated

NASA A(x TRIM m“gmﬁ 12 degrees) the resulting cockpit motion is not a true

simulation of the NASAA, This effect manifests itself mainly as an
apparent adverse yaw characteristic. To combat this the value of C (3sT)
was changed from the original value of .0229 to .0504. This change Mproved
the pilot's visual cues in the yaw axis, and this variation was then
adopted as the basic NASAA.

Longitudinal Axis Stability Augmentation System. This system is identical
to that used in the NASA 20 except that the gain of the Act feedback into
the elevator was 1.0.

lateral-Directional Stability Augmentation System. The roll damping was
increased to a value expressed by Sw/p = .45 while keeping the roll power
constant by changing C_  (SST) from -.0049 to -.0152 and C, (SST) from
-.01&38 to "'06960 nP . P

It was not necessary to include a § damper as the dutch roll damping ratio
of the basic NASAA was already adequate.

Forward c.g. Configuration. The effect of moving the c.g. of the nasad
forward to produce a static margin of 7% instead of 3% of the basic airplane
vas simulated by changing C (3sT) fram -.0802 to =.229.

o
Degraded lateral-directional characteristics. The value of C evas
changed from O to -.168 to produce a dutch roll damping ratio’$t .05.

Improved speed stability. In its landing configuration the basic masa A
is operating on the packside of the power required curve, such that '_J;LW_
= =,00199. AV
To study the effect of changing this value to + .0006, the value of Cj (ssT)
was changed from 1.203 to .610. &

2.2.3 NASA T2 Variation

The

NASA 72 was simulated only in its basic configuration.

o e e e e P
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2.3.

COMPUTER MECHARIZATION (See Appendixes A, B and C for Computer Diagrams)
1  Problem Boards

One Problem Board was allocated %o each basic configuration, i.e., RASA 20,
NASA Q, and the NASA 72, and an additional board called the "-80 Checkout
Board" was used to obtain in-flight information on the 367-80 stability and
control derivatives. Each of the S5T simulation boards contained the following
sections.

367-80 Model

This wms 2 linearized six-degree-of-freedom analog representation of the
367-80 airplane in the configuration corresponding to the particular SST
configuration.

SST Matrix

This was a network of amplifiers and potenticmeters, derived from the
equations described in Section 2.1, which generated the commands for the
367-80 control surfaces, as a result of control inputs from the pilot and
serodynamic feedbacks from the airplane gensors.

lateral and Longitudinal Modification Circuits

These vere relay switching networks which enabled the configuration being
similated to be changed quickly from the basic to any one of a number of
possible variations; for example, to add a longitudinal stability augmentation
system, or to degrade the lateral directional handling characteristics.

It should be noted that the NASA 72 board did not have this feature since
only the basic configuration was tested.

Ground Effects

In this section three diode function generators were used to generate 1if%t,
drag and pitching moment terms which provided as far as possible, the
correct ground effect on the airplane from 100 ft. altitude to touchdown.
The input for the function generators came from a radar altimeter. The NASA
72 board did not contain this feature due to lack of information about the
ground effect characteristics of the NASA T2.

Pulse Circuit

This circuit produced a pulse of the shape shown below:
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2.2.1 (Continued)

Pulse Circuit (Continued)

The pulse was used as a standard forcing function into the elevator, rudder,
or wheel either in the air or as part of the ground checkout. A separate
circuit produced a step function which could be applied as a thrust commsnd.

Miscellaneous

The patchboards also contained a number of special circuits which are
briefly described below.

Synchronizing Circuits

There were %4wo synchronizing circuits vhich were used tc convert the
sbsclute of and V signals respectively to incremental variations Ao and Av
about a trim value. In addition, the Adcircuit had provisions to compensate
for the nose boom sensor position. A third synchronizing circuit formed
part of the thrust servo loop and was not an inherent part of the simulation.

« and ;L Generating Circuits

Since neither X nor p signals were available directly as the outputs of
sensors these two variables were generated at the computer.

& was obtained by a psewlo-differentiation of Ay and @ from a combination
of roll angle and yaw.rate (/B = g¢ — R).
Vo

Control Input Circuits

These circuits provided the ability to apply either the Evaluation Pilot's
command inputs fram the instrumented comtrols, or the standard pulse from
the pulse circuit, to the aircraft.

Interlock Circuits

™ese circuits made it impossible to engage the simulation unless all the
cables were correctly installed. In addition, one of the interlock circuits
served to determine which elevator PCU (right or left) was to be used as the
magter. (See 2.4.1l).

2.3.2 Interconnections Between Computer and Other Equipment

The SD/80 Computer had nine cable connectors on the back side. Twe of these,
J104 and J105 were for remote mode-selection control of the computer and connected
to the interface.
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J6 -

Interconnections Betveen Computer and Other Equipment {Continued)

six, J1 thru J6, had the following functioms:

Provided control command inputs to the -850 model and aerodynamic
parameter outputs from the -30 analog model.

Provided serodynamic and control inputs to the miscellaneous circuits
1isted in 2.3.1.6 and also the command outputs from the 55T Matrix
amplifiers to the =80 airplane control surfaces.

Provided connections betveen the various parameters being mornitored
and the in-flight C.E.C. oscillograph.

Provided simulation engaged signals for the synchronizing circuits
and the System Engaged Light.

Provided engaged signal to the synchronizing circuits in ground
checkout operation.

Spare

The ninth connector was for the main a.c. power supply.

The interconnecting cables could be hooked up in a number of different ways to
produce different conditions.

a. 80 Analog simulation ground check,

.
—4{ CE.cC
KlonvER

oe I J2IDIATST6
SD/B0 (OMPUTER

boa

with only the connection as shovn to the recorder the -80 anslog model could
be used by itself and the pulse circult output plugged directly into the
appropriate command channel Se , ov , etc.
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2.3.2 Interconnections Betvween Computer and Other Equipment (Continued)
b. S5T Analog Simulation Ground Check:
ol
41 CEC.
che 1 weconpEr

0430S J1 J23I%J4 )%

S/BO COMPUTER

wWith J1 and J4 connected to J2 by the "Checkout Jumper Cable” the 83T
Matrix was connected to the -80 analog model. In this condition the
combined effect was that of ap analog model of the 33T configuration.

It should be noted that if the 3ST Matrix gains were properly calculated
then the same SST could be similated with any values for the -80
derivatives. The Pulse Circuit was used to provide control inputs to the
S3T simlation; 8¢, 8r | ate.

C. In-flight 35T Simulation:

INTERFACE_
oQg

(S

| RECORDER

BeN0S T I I 34 15 36
SD/B0O COMPUTER

with J1Ok, J105, J1, Ji, J5 and J6 connected to the correct Interface
connections the 33T Matrix was connected, through the Interface o the
3€7-80 control systems. Now, if the basic 367-30 airplane characteristics
were idectical to those mechanized in the =8¢ analog model then the airplane
would respond, in the air, in the same manner as the 35T model did during

ground checkout.
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2.4 ATRPLARE CONTROL SERVO SYSTEMS

Figures 16 through 20 show block diagrams of the five primary control systems
used in the 33T simulation.

2.h.1 Elevatcr Control System (Figure 16)

The elevator system had two parsllel type actuators, right hand and left hand,
in which the feedback linkage moved the Safety Pilot's column. The two
actuators had different authority limits and either could be selected as the
master control and the other automatically slaved to it.

The motion of the Safety Pilot's column was transmitted through a system of
cables and pulleys to provide a mechanical input to the control valve that
controlled the asctuator which moved the elevator.

The position transducer on the Evaluation Pilot's columm produced an electrical
signal (8col) that went to the computer. This signal was modified in the
computer to provide the correct gain and swrmed with any contributicns from

the thrust command, air brake command, angle-of-attack, pitch rate, etc.,

to form an elevator command (Se. ). “hen the simulation was engaged, this signal
was allowed to operate either the right hand or left hand transfer valve,
whichever had been selected, and the resulting motion of the modulating piston
operated the control valve of the actuator, causing the elevator to move.

2.h.2 " Thrust Control System (Fig. 17)

The thrust reverser clamshell doors were moved by actuators, the control valves
of which were supplied with mechanical inputs from the thrust reverser levers.
If the simulation was not engaged the doors could be moved independently by
moving the levers singly. Hovever, as soon as the simulation wes engaged the
four levers were clamped together by an electro-mechanical clutch and moved as a
unit by the thrust control servo. The transducer on the fake throttle produced
an electrical signal (STH) which went to the computer. Here it was modified to
provide the correct gain and summed with any contributions from angle-of-attack,
airspeed, air brake command, etc. to produce a thrust command (Sth.). This
signal operated the electro-mechanical servo through the coupler.

2.4.3 Lateral Control System (Figure 18)

Iateral control of the airplane was obtained by differentially operating the
allerons and spoiler panels.

Moving the Safety Pilot's wheel put a mechanical input through the suming link-
age into the control valve of the lateral control power unit and moved the
actuator. The output of the actuator went to the spoiler mixer where it was
sumned with the mechanical output from the speed brake handle. The mechanical
output of the spoiler mixer was connected to the Hydomat units which drove the
spoiler panels.
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2.k.3 Lateral Comtrol System (Figure 18) (Continued)

The transducer on the Evaluation FPllot's wheel produced a sigml {§w) which
went to the SD/SO computer. Here it was modified to provide the correct gain
and summed with any contributions from side-slip angle, yaw rate, roll rate,
etc., to produce a vheel command (Swe)e

In simulation mode this commend operated the transfer valve on the lateral
control pover unit. Since this pover unit vas a parallel-type actuator its
output fed back to move the Safety Pilot's wvheel,

2.h.4  Rudder Control System (Fig. 19)

The Safety Pilot's and Evaluation P{lot's rudder pedals were coupled and provided
a mechanical input through the suming linkage to the control valve on the rudder
actuator. The output of the actuator moved the rudder and was alsc fed back to
the summaing linkage. In eddition, the position transducer on the Evaluation
Pilot's rudder pedals put out an electrical signal (SR) which went tc the 3D/80
computer. This signal was operated upon in the computer to provide the correct
gain, and wvas sumed together with any contributions from the vheel command,

side slip angle, side slip rate, etc. to form the rudder command (8rc). If the
similator was engaged, then this signal was allowed to operate the transfer
valve causing the modulating piston to provide an additional input to the

control valve. The modulating piston transducer provided rate feedback to the
rudder command servo amplifier in the interface.

2.4.5 Lift Control System (Fig. 20)

14t control during the simulation was obtained by modulating the spoller panels
on the upper wing surface. The positions of the spollers are shown in Fig. 14
where they are numbered for clarity. For the simulations covered in this
document, spoilers 1, 54, 6A and 10 were not used. The spollers were operated
by electro-hydraulic Hydomat units. Spollers #4.5, 6 and 7 each had a separate
Hydomat Unit, but spoilers #8 and 9 were both driven by one unit and so were

#2 and 3. 3poilers #2, 3, 8 and 9 are referred 1o as the outboard spoilers and
#, 5, 6 and 7 s the inboard spoilers.

The 1ift rodulating signals (Sabc) were produced in the computer. Because of
buffeting at high spoiler angles the inboard spoilers were electrically limited
to + 10 degrees. Up to this point the spoilers all moved together but above
10 degrees the gain on the outboard spollers was doubled, by a circuit in the
computer. to keep the value of CLSab constant.

The mechanical input shown in Fig. 20 came from the spoller mixer (see Fig. 18)
and combined the initial trim setting from the speed brake handle and the
jateral control input from the lateral control power unit.
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2.5

2.5.

The

OPERATING PROCEDURES

1 Establishing the Basic 367-80 Characteristics

first step in setting up a simulation was to establish a 367-80 configuration

suitable for the airplane to be simmlated. The factors to be considered were:

The

The trimmed level flight airspeed of the 367-80 must match that required
for the simuiiated airplane., This affected the trim thrust and {lap setting.

The 367-80 was equipped with a blown flap system using engine bleed air which
could be used to increase the value of Cy. For the configurations described
in this document it wms not necessary to use this feature.

The entire similation was flowm with the 367-80 engines at constant throttle
settings and thrust and drag chenges were achieved by modulating the thrust
reverser position. This means that the clamshell doors had to be set
initially at some partially closed position which allowed sufficient range
of movement of opening and closing without limiting the simuiation.

This initial a.ngie g&lso had to be coordinated with the constant engine
output to achieve the trimmed airspeed mentioned above.

The changes in 1ift coefficient during simulation were achieved by modulating
the spoiler panels on the upper ving surface. These therefore had to be set
up at some angle for the trim condition so that they could be modulated in
both directions during simulation.

All simulation was performed vith the landing gear down so that the approach
could be continued down to touchdown.

final coofigurations sdopted for the 367-80 for simlating the supersonic

transports were:

367-80 CONFIGURATIORS AT TRIM

Aiﬁ:c;f mnetne Cl;?;)::l ps Ppollers) Gear

Mrepeed | . Wing Settings (M2)
NASA 20 135 Knots| 5.45° 96% 30° 30° | 6°uwp | Down
NAsSA A 135 Knots| 5.45° 9%6% 30° 30°| 6°up | Dowm
HASA T2 150 Xnots| 5.3° 96% 30° 20°| 6°up | Down
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2.5.1 Establsihing the Basic 367-80 Characteristics (Continued)

These were the naminal settings. The aircraft was trimmed in level flight by
the Safety Pilot at the desired airspeed and angle-of-attack, by use of the
moveable stabilizer and small throttle adjustments, prior to engagement of the
similation. Once set, the stabilizer and throttles were not moved during
simmlation, as all pitch and thrust changes were made with the elevators and
thrust reversers.

2.51.1 Flight Testing the Basic 367-30 Configuration

Once the trim configuration had been tentatively determined, the airplane
vas flight tested in order to obtain the following information:

8. Confirmation and adjustment, if necessary, of the basic trim configuration
(proper stall margin and body landing attitude.)

b. Documentation of the alrplane characteristice. This consisted of a series
of maneuvers designed to faciiitate the calculation of the airplane
stability and coatrol derivatives s0 that an accurate analog model of the
367-80 could be mechanized on a computer.

c. Recording of airplane responses to standard pulse inputs for confirmmtion
and adjustment of the analog model. These recordings were used in the
"overlay" technique described in Section 2.5.

The standard pulse inputs were performed using the -80 checkout board
described below.

The -30 Checkout Board was a special patchboard used on the Systron Doaner

SD/80 Airborne Computer which contained: A six-degree-of-freedom linearized
analog model of the basic 367-80; a special check pulse circuit (see 2.3.1);

and provisions for connecting the Evaluation Pilot's controls through the
SD/ 80 computer and the Interface to the airplane electro-hydraulic servo
systems. The gains in the computer were selected sc that the control

derivatives remained identical to those of the basic airpleme. Thus, the

airplane characteristics were the same whether it was flown from the left-

hand seatwith the normal controls, or from the right-hand seat through
the fly-by-vire system.

There was also provision for introducing the standard pulse into the sjrstem

to similate colum, wvheel, rudder or thrust commands. It should be noted
that the input to the thrust was actually a step but for simplicity of
writing it will be referred to as a standard pulse.
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2.5.1 {Continued)

The aircraft checkout, using standard pulses, was as follows: The airplane

was first trimmed 1n level flight at the correct airspeed and angle-cf-attack
by the Safety Pilot fram the left-hand seat. When this condition had been
achieved the similation was engaged and the Evaluation Pilot then retrimmed the
airplane, if necessary, to remove the effect of any engagement transients. When
he was satisfied that the airplane was trimmed, he camlled for s standard pulge
input from the computer. The input had already been selected to be applied to
the elevator, vheel, rudder or thrust reversers. The pulse was initiated by
operating a toggle switch.

The airplane response to this input was monitored by recording the following
parameters on a CEC light beamr oscillograph.

CHANNEL | | |2 13 |4 |5 (6|7 819 l1olr11i12113114}]15

VARIARLE [Sab| P | @ |-R | @ |AV [Aa|-B |-8 | Se | 8w | br [fose| Stn|S,, ]

If the input was an elevator or thrust command, the Evaluation Pilot would keep
the wings level, being very careful not to initiate any longitudinal disturtances.
Similarly during wheel and rudder pulses the Evaluation Pilot would meintain
essentially the same pitch attitude without restraining the lateral degrees of
freedom. .

This technique enabled "hands-off” data to be obtained without the confusing
cross-coupling effects between the longitudinal and lateral-directional axes.

The resulting airplane motion was allowed to continue sufficiently long to obtain
several cycles of the phugoid mode for elevator inputs, or the Dutch Roll Mode
for rudder and wheel inputs, or until the airspeed changed by 10 knots for the
thrust steps.

The oscillograph records obtained during these tests were used to check the
annlog simulation of the basic 367-30.

2.51.2 sround Support Programs (Basic_367-80 Only)

As soon as sufficient informestion had been received oun the basic 367-80 con-
trol and stability derivatives from the Aerodynamics Group, the gains were
calculated for the analog simlation of the basic airplane and the model was
set up on the =80 checkout board.

The same standard pulse inputs that were applied to the actual airplane
in-flight were applied to the analog model on the ground.

The respouse of the model was recorded using the same oscillograph to record
the same variables with the same scalings.

L S S
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« Ground Support Programs (Basic 367-80 Only) (Continued)

The accuracy of the simulation and hence the accuracy of the derivatives
used vere checked by directly comparing the results.

T™is was done partly by measurement and partly by comparing the various mode

shapes by directly laying the flight test results over the ground test
results.

The measured values were:

o Phugoid period and damping ratio

o Dutch roll period and damping ratio

o Roll angle to side-slip-angle ratio

o Spiral time constant (time to half amplitude)

The other characteristics, which did not lend themselves to direct measure-
ment wvere:

o Longitudinal short-period characteristics

0 Initial lateral-directional response to a control input
6 DPlitching moment due to thrust changes,

These were compered by direct overlay.

By making ad justments to the appropriate gains on the computer simulation,
the match between the flight and ground tests could be improved and the
values of the basic 367-80 derivatives refined by calculating back from the
corrected gain settings. This part of the program was backed up by an
additional ground based computer sisulation of the basic airplane 25 a
check on the -30 checkout board model. It should be noted that this did
not confirm the validity of the model but only served tc demonstrate that
the simulation, as patched-up, was functioning properly.

2.5.2 Setting Up the SST Simulation

Once the control and stability derivstives of the basic 367-80 had been
reasonably well established the calculations for the SST metrix (see 2.3.1.)
were perfcrmed. These calculations were based on the theory outlined in
Section 2.1, and the full equations are given in Appendixes 4, B, and C.
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The calculations for the program covered in this document were initially done
by hand using the tabulated forms shown in Appendixes A, By apd C, Pages Al

to A3Z, ete., but later a digital program was set up on an IBM 7090 computer
to produce this information. The program was written in a Boeing-originated
computer language called BLITZ. (Purther informetion on this language can be

cbtained from Boeing Document Dz-36343-1, "The BLITZ User's Manual" (See Ref. B).

The 35T matrix was then patched up on the appropriaste 33T patchboard and the
correct gains set in.

Once the perticular S3T patchboard under study was completed, e ground
similation of this SST configuration was produced by connecting the checkout
Jumper cable as shown in Section 2.3.2 (b).

The end result of combining the basic 367-80 analog model with the 3ST matrix
was to produce a simulation identical to that which would result from a
straight-forward simulation using the SST derivatives alone.

It should be noted here that, as long as the S3T matrix calculations were
correct the basic -80 derivatives which were used in the calculations were
irrelevant, as far as the ability to produce an analog simulation of the

5ST is concerned. In other words, a ground simulation »f the particular 35T
could be obtained by using an analog sirmlation of a Pi er Cub, for example,
provided the 3ST matrix calculations were based on the Piper Cub derivatives.
Naturally this would vastly effect the results obtained in the air when

the real 367-80 characteristics were substituted for the analog model.

The output of the pulse circuit was then applied to the simulation to produce
the responses of the SST to standard pulse inputs. The technique was similar
to that described for testing the 367-80 analog model alone in Section 2.4.1
except that the pulses were applied at different terminals since it wms
commands to the 35T elevator and rudder etc., that were required and not
commands to the 367-80 elevator and rudder.

fis before, the variables listed in Section 2.4.1 were recorded on the CEC
Recorder, the results being checked against the results of the digital program
described in the next section.

Two programs were used to support this phase of the overall program. One was
an analog computer program that was set up on a PACE computer to duplicate the
SD/80 simulation. This program was used as backup confirmation of the SD/80
mechanization and also as a tool for investigating the effects of some of the
variations tested.
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The other aad moet importaat program wvas a digital prograr usiag an IBM 7090
computer aad the Boeing TLOG digital prograam to provide data concerning the
dynamic respomnse of the variocus S5F coafigurations aazd variatioms.

This progrsa vas capable of solving simultaseous aon-linesr differeatial
equations and leat itself to the solution of the equations of motion of ea
airplane. The equatioas could be expressed ia a block diagram form that was
very similar to the computer disgram for an analog simulation of an airplane.

This block dia ram was easily coaverted into & deck of puached cards for ioput
to the digital computer.

Disturbiag ianputs, ideatical to the standard pulses, were iatroduced into the
prograa and the resultiag airplase respoases became available as a time history
of the serodynamic veriables vhose values were tabulated at half-second intervals.
The program was supplied with the calculated control and stability derivatives of
the proposed SST configurations and the resulting tabulated data plotted on
traasparent nylar to the same vertical aad horizcatal scales as the outputs of
the CEC Recorder. The master plots could be directly overlaid oa the ground and
flight recordings from the CEC recorder to determine the accuracy of the
simulation.

Figures 21 and 22 show prints from two- typical master overlays obtainmed by this
progras vith the flight data from the CEC Recorder for the same maneuvers super-
imposed on the master traces.

The Flight Tests of the SST Simulation were carried out with the SD/80 Computer-
to-interface cable coanections as shown in Sectioa 2.3.2(c) Page 36. The
procedure used for checkiag the accuracy of the simulation was ideatieal to
that slready described in checking out & standard pulse.

Immediately after each maneuver the in-flight recordings were checked to
determine the accuracy of the simulation by direct messwremeat of phugoid and
duteh roll periods, dampiag ratios, etc.; and by overlaying the mester traces
described in the above section.

In the initial or checkout phase of the flight test program, it was necessary to
"fine tune"” the simulation to improve its accuracy. This was done by changing
the gains of the SST matrix and repeatimg the check pulses as required to im-
prove the match between the flight and ground test results.

It should be noted that, since the SST derivatives were fixed, any changes made
to the gains of the SST matrix during the checkout phase were eguivaleant to
changing the basic 367-80 derivatives. The new 367-80 derivatives were
obtained by celculating backwards from the SST Matrix gains and them cranked
into the amelog simulation of the basic 367-80.

SHEET Ny




_|o ]|t
2 iy
ﬁ a ol &
o -
A 2
Y19 > W
1570d S |3t
~ |02
ag o< |Of
NS
ul 73
0V — &
< W mw
PN
AV ANnU M
9 ”
o
3
2
2
HaNjg O] = == = YiQ =
O
, GERERCUELL IR 7T B NV (B B
SqA097y LHOIN WO¥d WIWYL - — — — — ~ W, G - - - - 99 M
(e ]
SY3LSU|Y WO AIWY| uz_.;.wm < WD - - - -5V mw
HoNI 35,4 Q1 = = =~ AV m:.._ .
MM [ses108 — ~° 7~ 0 Wlﬁm o u m
Z Il a6 =
PETITS 2l b Gl el o <




1

D6-19a56

SQY0I3Y LH94 WOYd IWYWY) ~- =~ = = =

SVYILSUW WHO3d qQIvyL

ONITYIT <

j
:uz\\om - - -
dIQANY LH®ly on - - -
Iu\f\uNm\o@ - - -
102\\00 — - -
HIN/ 02 = - -
Howl uwh\on ==

auzxmm\oo\ i

N O
N
R
- )
L o
A
1ad
(7p] >
R
D Pm
of- |35
ZR U3
<
(P9 Gw
<a |Z?
w2 (BE
<iz 2;
- [TY R
x
b= |+
X
[ =
2
s
Q-
S
o0
=
O
o
[
W
0.
o
umak
5(6|%|%

67000

AD 1017-Rg



NUMBER  D6~19856
e BVMIEING - REV LIR |

Once the match was judged to be sufficiently good by the test engineer, the
simnlatiocs was frosen amd the test program proceeded to the documeatatioa and
pPilot evaluation phases. From this point, the only changes made on the computer
wvere those necessary to introduce the variations to the basic coafiguratioa
vhich were to be tested, and the periodic adjustment of a special potenticmeter
vhich vas varied according to the test altitude and outside air texperature to
compensate for the variation in engine thrust.

During the documentation and evaluation phases, the airplane vas subjected %o
theSundammhesatthequiagormhnuhtmthemultsmw
to confirm that the simulation was still valid, before proceeding with the tests.

2.5.3 Pre-Flight Checkout

The pre-flight checkout consisted of a series of ground tests that were performed
a8 & standard procedure prior to each simulation flight.

Poverm;ppliedtotheuirplnonndthemteuallmdtonm—upforcthcst
30 mioutes before startiag the pre-flight checkout.

The pre-flight checks were:

a. Computer voltage aad amplifier balance checks. The computer power
| supplies were checked for the correct voltege and the amplifiers checked
for balance and adjusted if necessary.

‘ b. Potentiometer Setting Checks. All the potentiometers that were used in the
sisulation were checked for the correct sottings by nulling them sgainst
the refereace potentiometer.

¢. Standard Pulse Checks. The computer cables were connected for 58T ground
checkout (See 2.3.2(b) Page 34) and the stamdard pulses applied to the

I elevataor, thrust, vheel asd rudder inputs. The resulting traces from the

CEC recorder were checked against the SET masters to coafirm that the

computerws functioning properly.

d. ' Instrumentation Zeros. At this point the command outpute from the computer
wvere set to zero by shorting the outputs of the relevant amplifiers to
the sumning junctions. This vas dome 80 that the Instrumentation Eagineer
could record the szero references.
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Simulation Logie Checks. The logic circuitry was checked to eansure that the
"SELECT", "ENGAGE", "RESET" controls, disconnect buttons and error detectors

were working properly.

System Functional ("Wiggle Tests"). These tests were to easure, as far as
was possible, that the entire system was working 2s programmed. The com-
puter cables were connected for in-flight simulation (see 2.3.2 (C), Page 34).

To perform the tests, the airplane hydraulics were turned on amd hydraulic
power supplied to all the actuators; the spoiler panels set to 6°; and the
clamshell doors set to 30°. The simulation wes then emgaged and the following
tests performed:

TEST CHECK THAT NOTE: The values

depend on the SST
Configuratioa and
80 are not quoted.

Move Eveluation Pilot's | Safety Pilot's wheel and -80 elevator move the

column fully forward correct amount and directioan.
and aft. Computer elevator command output is correct.
Move the Evaluation Safety Pllot's wheel and the -80 ailerons aad
Pilot's wheel right spoiler panels move the correct amount and
and left. direction.

Computer rudder command output is correct.
Move the Evaluatios The -80 rudder moves the correct amount and
Pilot's rudder pedals direction.
right and left. Computer rudder command output is correct.
Move the Fake Throttle Clamshell doors and thrust reverser levers move
forwvard and aft. | the correct amount and direction.

Computer output commends are correct.

Move nose boom vane
+ « , keeping IS at O. -80 elevators and spoilers move correct amount
and direction.

Computer output commands are correct.

Move nose boom wvane -80 rudder and lateral controls move correct
+ ’3 , keeping o at O. amount and directionm.
Computer ocutput commands are correct.
Operate Evaluation -80 Elevators move up and down the correct
Pilot's lomgitudinal amount .
trim control.
Unbolt rate gyros and Computer signals from gyros are correct polarity.
move by hand. .

(Hydraulics OFF)
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2.6 SYSTEM HARDWARE DESCRIPTION
2.6.1 Cabian Controls

Figure 2 shows an overall picture of the airplane cabin. In addition to the
normal airplane controls and instruments, the following are of special interest
in the simulation.

The Evaluation Pilot's control columm and wheel ¥er™ pot mechanically connected
to the airplane control systems. Insteed, stick and wheel position signals
were obtained from potentiometers and these signals were fed through the
interface to the SD/80 Computer.

KOTE: The arms of the wheel were also instrumented with strain gauges, the
outputs of which were aversged to give a measure of stick force. This signal
vas available at the computer and could be used as the Evaluation Pilot's

input, but for the simulations covered in this document stick position wvas used.

Feel force for the Evaluation Pilot's wheel was supplied by a spring cartridge
mounted on the column directly behind the wheel. The force gradient character-
istics could be changed by changing the cartridge. The stick feel force was
supplied by a hydraulic system which was controlled puoeumatically from a
pressurized nitrogen bottle. The coatrol kmob for chaaging the force gradient
and the indicator for showing the stick force in 1b/degree of stick movement
can be seen at (K) in Figure 2 and also in the close-up picture Figure 3.

The Evaluation Pilot's rudder pedals were connected mechanically to the Safety
Pllot's and consequeatly moved the 367-80 rudder through the normal comtrol
system. However, in addition, a potentiometer provided an electrical sigaal
proportioned to pedal displacement which was used iz the computer to modify the
rudder motion during simulation.

The following descriptions all refer to the letters ow Figure 2.

a. Fake Throttle lever. This lever was connected to a potentiometer
which put out an electrical signal to the computer and provided
the Evaluation Pilot with the means to make thrust changes. Figure 3
shows a close-up of the Fake Throttle Lever and its calibrated scale.

b. Evaluation Pilot's Disconnect Button. The Evaluation Pilot could
disengage the simulation and return control to the Safety Pilot at
any time by operating this button. If disconnect occurred, the two red
blinkking warning lights (N) came on and the RESET button on the
control panel (Figure 3) had to be operated before the simulatioa could
be re-engaged (See Section 2.6.1 (H) ).
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Ce.

d.

2.6.1 Cabin Coatrols (Countimued)

Evaluation Pilot's Loagitudinel Trim Control. %This was a two positiom,
ceater-off switch vhich supplied either t 15 V to the computer, depending
upon vhether it was held in the mose-up or asose-down trim positica. This
voltage was integrated ia the coumputer and the result applied as an
elevator command to tris the airplane.

Signal Commector. This connector carried the signsls from the straias
gages mentioned above.

Evaluation Pilot's lateral Trim Coatrol. Iateral trim ia sisulation mode
was obtained by a potentiometer which applied a bias voltage to the
latersl coatrol commend sigmal. This signal did mot go to the 8D/80
computer but was added im the Iaterface.

Thrust Reverser Positiocaiang .levers. The stamdard thrust reverse levers
were used to set the clamshell doors to their trim positioss (approxi-
mately 30°). The clamshell door positiocas for the four engimes were shown
by the four indicators at (M).

Speed Brake Handle. The normal speed brake positioning control wvas
used to set the spoiler panels to their trim position (6® up). The
position of spoiler panel No. 8§ was monitored with a traasducer and
displayed on an indicator (L) mounted above the IRIG time display
on the glareshield.

8imulation Control Panel. This panel contained the countrols with wvhich
the safety pilot selected the mode of operation. A close-up of this
penel can be seen in Figure 4.

The selector buttons marked "YAW RATE", "YAW RATE & TOP", "RUD III",
"ATLERON" refer to various stability augmentatioa systems available

on the basic 367-80 and are outside the scope of this document. The
selector button marked "NORMAL" refers to a coaditioa whereby the basic
"367-80" could be flown by e "fly-by-wire" system from the right-haasd
seat and is also outside the scope of this document, although it
resulted as a direct offshoot of this program. The coatrols that are
directly concerned with the simulation are:

SIMILATION - When the Safety Pilot pushed this button, the simulation
was selected but not engaged, and a blue light illuminated the left-hand
soction marked "SEL". The Safety Pilot selected this comditionm prior to
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(Comtinued)

trimming the airplane. In this condition the mode coatrol logic ia

the Interface put the SD/80 computer into the "COMPUTE" mode (it was
previcusly in "RESET") which allowed the synchromizing circuits for Ao
and AV to start operating. The Evaluatiom Pilot's coatrols wvere

still disconnected from the system. When the aircraft was trimmed

the Safety Pilot pushed the "PUSH TO ENGAGE" button.

"PUSH TO ENGAGE" - This coatrol engaged the simulation and activated
the analog gates in the Interface allowing the command ocutputs from the
Sp/80 computer to be applied to the comtrol surface actuators.
Simulteneously the Ad and AV synchronizing circuits in the computer
wvere put intc the "HOLD" condition; the "OR" portion of the "SIMULATION"
control button was illuminated with a green light and the "simulation
engaged” light on the computer patchboard was turned on. The simulation

could be disengaged by pulling up on the "PUSH TO ENGAGE" button but this
feature was seldon used.

"RESET" - This control was used to reset the mode selectiom logic iam the
Interface if the simulation had been disengeged as a result of an error

in the system or because the Ewaluatioa Pilot had operated his disconnect
button. - ’

Safety Pilot's Disconnect Button. By operating this control the Safety
Pilot could disengage the simulation at amy time and regain coatrol of
the airplane. The simulation mode changed from "ON" to "SELECTED".

Evaluation Pilot's Stick Feel Force Control and Indicator. Described
previously.

Spoiler Panel Ko. 8 Position Imdicator. Described previously.
Thrust Reverser Clamshell Door Positioa Indicators. Described previously.

Simulation Discommected Warniag Lights. These were two large red blimking
wvarning lights that came on if the simulation was disengaged either by an
error in the system or by the Evaluation Pilot's disconnect buttoa. These
lights did not go out until the Safety Pilot's Disconnect Button was
operated.

Simulation Limits Warning Lights. These five amber warning lights for the
rudder, spoiler, elevator, lateral control and thrust servo systems indi-
cated wvhen the servo amplifier error signal had been exceeding a
predetermined threshold value for more tham half a second. This did not
result in an automatic disconnect but indicated that the accuracy of the
simulation was in doubt.
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b.

f.

Reference Airspeed Setting Indicator. The airspeed signal to the
computer was the difference between the value obtained from the
Pitot-Static System and the value set into the referecuce airspeed
isdicator. The latter value was set to the aormal trim speed, by
means of the knob at the lowver left cormer of the indicator, to preveat
over-losding of the AV synchronizing circuit.

2.6.2 Systroa-Douner SD/80 Analog Cowputer

The Systrou-Doaner SD/80 computer used on this program was basically a produc-
tion-line desk-top type computer (Figure 5, Page 16 shows the computer as it
was mounted in the airplane). Certain modifications were made at the factory
prior to shipmeat. These were:

The addition of special shock mounts designed for the vibration
eavironmeat in the airplane.

The ruggedizing of the amplifier module mounting system.
The potting of the amplifier components on the printed cireuit boards.

The addition of a heater and fan, controlled by a toggle switch so that
the computer could be purged vith wvarm air. This provision wvas added
because of the possibility of moisture coandemsation im the computer when
the airplane stood outside overaight.

The addition of warning lights to indicate an overtemperature coaditioa.
This provision was added because the computer was used omn the ground at
times vhea the airplase air-conditioning system was mot operating.

Modification to the power supplies to emable the computer to be operated
from a 400 eps supply instead of 60 cps.

The computer contained 84 s0lid state operational amplifiers which were mounted
in pu.g on removable modules directly behind the patchboard (see Fig. S,
Page 16).

The modules contained additicoal compoments vhich determined the type of
operation for vhith they could be used; i.e., summing amplifiers, iaverting
amplifiers, or integrators.

As used for this program the computer had M summers, 18 inverters and 22
integrators. In addition, there were 18 double-pole, double-throw relsys
mounted im pairs oa 9 of the modules.

The computer had two moveable wings on which the controls were mounted.
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The left-hand wing coutained: (Referriag to Figure §5)

a. Fiftees diode function generstors in removable modules mounted im a
receptacle behind this penel.

b. The overheat warning lights and the heater toggle switech.

c. A voltameter which could be used either ss g divect reading instrument
or a8 & mullmeter. '

d. The address selector switches for monitoriag the output of any
particular amplifier or potentiometer on the panel meter.

e. The top six switches were for selecting one of six direet-readiag peanel
meter scales (+ 300V, £ 100V, £ 30V, + 10V, £ 3V, £ 1V) to 2% of full
scale accuracy. The two bottom switches sslected either t NULL for
measuring any problem voltage with an accurscy of 0.01% of full scale
by comparison with & reference voltage selected by the refereace
potentiometer.

f. Four-digit reference potentiometer.

£- Panel containing operating coatrols and indicators. These are: Four
push-button/indicators for selectiag HOLD, COMPUTE, RESET and REP-OP
Modes.

. Time scale coatrol (not used im this simulatios).

Slave switch for selecting either local coatrol at the computer or
external coatrol through the Iaterface.

- Fower-om switch.
Indication for ovean-power, amplifier overload, ete.

h. Five siagle-pole, double-throw toggle switches with center off positionm,
and five potentiometers for gain adjustaeat.

The right-hand wing contained 120 more potentiometers for gain adjustment.
2.6.3 Interface

The Iaterface is shown in Figure 6 as it was mounted in the airplane. Some of
the equipment in the interface was concerned with basic 367-80 stability
augmentation systems and is outside the scope of this document. The equipment
associated with the variable stability system is, referriag to Figure 6:

e. Section containing the servo amplifiers and associated electronics
for the spoiler pamel servos.
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2.6.3 (Continued)

b. Controls for monitoring the outputs of the various amplifiers
in the Interface, and for selecting the panel meter full scale
deflection values.

c¢. This penel contains duplicate simulation mode controls similar to
the contrels in the cabin and error-indicating lights.

d. Lateral control servo amplifiers and associated electroaics.

e. Elevator servo amplifiers and associated electronics.

f. Rudder and aileron servo amplifiers and associated electronics.
8- Isolation networks, demodulation, etc.

h. This section contains the mode control logic digital circuits.
i. 1Isolation networks.

J. Power distribution and coatrol ecircuits.

2.6.4 Airplane Sensors

The following sensors were used to provide serodynamic data to the computer.
Angle-of-Attack and Sideslip Seasor (XA Vane)

Figure 7 shows the xZ vame as it was mounted on the nose boom. This vane
was specially designed by Giannini to have a very good low frequency
response characteristic and a natural frequency of about 23 cps. The vane
was supported on two gimbells whose angles were monitored by low friction
potentiometers. The tip of the beam was bent down so that high angles

of attack, up to 30° could be accommodated without reaching the mechanical
limit of the vane.

Rate 08

Piteh, roll and yaw rate information was obtained from two rate &yro
packages mounted in the lower 4l section of the airplane. The roll-rate

&yro was the smaller package on the right in Figure 8. The larger package
was a 3-axis gyro which was used for pitch and yaw rates.

. Vertical (_}Eo

Not shown on Figure 8 but directly below the rate &Tos was a vertical gyro
which provided roll angle information.
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. Airspeed Sensor

{ ‘ 2.6.4 Continued

The airspeed signal was obtained from the Pllot's pitot static system,
the output of which fed the airspeed syachro.

meﬁmlwtwtorthurppedmtuthtmtothcem.rm
& voltage that indicated the iacremental differemce of the airspeed above
or below the value set oa the Pilot's reference airspeed iastrument.

Radio Altimeter

The output of the radio altimeter was used to accurately determine the
altitude of the airplase from + 100 feet dowa to touchdowe. This sigoal,
vhichm.ccmtetovithin2percentmuaeduthe input to the three
ground effect functiom generators.

3.0 PROBLEM ARRAS

A certain number of problems were encountered in the program that are inherent
to this type of simulation. They are briefly summarised below.

3.1 Derivatives

Because the simulation depended upon the calculated differences between the
‘ 367-80 derivatives and the simulated SST derivatives » it was more difficult
to simulate airplanes that were radically different from the 367-80. The worst
case of this effect occurred in the compensation for ground effect ia the
NASA A simulation, where the range of 11ft modulation available was
insufficieat to fully compensate for the lift due to grouad effect oa the NASA A
A compromise solution was adopted vhere the maximum possible 1ift mcdulation
was used at the peek of the lift curve and the rest of the curve scaled ageord-
ingly. In addition, the drag compensation curve was also scaled down such that
the 1ift/drag curve remained the same as for the full compensation curves.

3.2 Linearized Equatioas

The simulation was based oa linearized equatiocas of motioa and coasequeatly aay
variables that were actually noa-linear over the rasge of the simulation affected
the accuracy of the simulation. This situation could be improved by using
function generatioas for the most non-linear variables, provided of course, that
the functions could be accurately defiwmed.

3.3 True Trim Condition

Bince the simulation was besed os perturbatioa equations and the variables were
all incremental values about s trim condition it was extremely important that
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3.k Turbuleance

The effect of turbulence om the accuracy of the simulstion wvas very marked.
This was because the output of the %3 vane fed directly into the computer
and any output which was the result of a gust rather than a true chaange in the
angle-of-attack of the wiag produced aa errocaeocus elevator command and effected
the behavior of the airplane.

3.5 Stability Axes

The equations used in the simulation were writtea for the airplane stability
axes and although they were correct for deseribing the motions of the c.g.,
they gave rise to erroanecus cockpit motions for those cases where the
angles-of-attack of the 367-80 and the simulated SST were greatly different.

The mejor effect was to produce apparent adverse yaw characteristics at the
cockpit. This problem was alleviated by chamging the derivatives of the

SST simulation so that the body yaw axis characteristics wefe reproduced, rsther
than the stadbility yaw axis. This could be done without greatly changiag the
other lateral directiomal characteristics and appeared to be an adegquate
solution.
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AFPENDIX A
. DESCRIPTION AND CALCULATION SHEETS FOR
NASA 20
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APPENDIX D -~ AIRPLABE ELECTRO-HYDRAULIC FOWER CONTROL URITS

The 367-80 airplane is equipped with electro-hydraulic povwer control
units on the foilowing controls: Left hand elevator, right hand
elevetor, spoilersz, rudder, aileron, lateral comtrol system {spoiler
drive PCUJ.

In addition, the thrust reversers are conrtrolied by an electric servo
system which drives the reverser levers which in turn control the clam
shell hydraulic actuators.

During the -8C variable stability programs, the electro-bydraulic actuaters
are utilized to accept signals from the airborne computer and drive the
-80 control surfaces to perform the dynamics of the simuiated sirplane.
For this we have S5 degree of freedom control, the pitchning egquation by
elevator, the roll equastion by wheel {lateral contrel;, the drag equation
by thrust reverser modulsticn, the yawing moment equation by rudder, and
the 1ift equation by spoilers. For each of the aforementioned systems
this appendix contains & tlock disgram, transient response, frequency
response, the linearized transfer functions, surface rate limits, and
displacement limiis. Also, the hysteresis of the lateral control system
is included.

In summarizing, the 3067-80 is equipped with the elecirc-hydraulic actuators
on each controlled axes except thrust reversers, the dynamics of which are
very zocd and the frequency response entirely sufficient for use io a
variable stability contirol system.
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